Peripheral nerve injury (PNI) usually results in poor functional recovery. Nerve repair is the common clinical treatment for PNI but is always obstructed by the chronic degeneration of the distal stump and muscle. Cell transplantation can alleviate the muscle atrophy after PNI, but the subsequent recovery of the locomotive function is seldom described. In this study, we combined cell transplantation and nerve repair to investigate whether the transplantation of embryonic spinal cord cells could benefit the delayed nerve repair. The experiment consisted of 3 stages: transection of the tibial nerve to induce 'pre-degeneration', a second surgery performed 2 weeks later for transplantation of E14 embryonic spinal cord cells or vehicle (culture medium) at the distal end of the injured nerve, and, 3 months later, the removal of the grafted cells and the cross-suturing of the residual distal end to the proximal end of a freshly cut ipsilateral common peroneal (CP) nerve. Cell survival and fate after the transplantation were investigated, and the functional recovery after the cross-suturing was compared between the groups. The grafted cells could survive and generate motor neurons, extending axons that were subsequently myelinated and forming synapses with the muscle. After the crosssuturing, the axonal regeneration from the proximal stump of the injured CP nerve and the functional recovery of the denervated gastrocnemius muscle were significantly promoted in the group receiving the cells. Our study presents a new perspective indicating that the transplantation of embryonic spinal cord neurons may be a valuable therapeutic strategy for PNI.
Introduction
Peripheral nerve injury (PNI) usually results in varying degrees of functional deficits. Surgeries such as nerve transplantation or nerve transposition can achieve clinical efficacy to some degree, but the overall functional recovery is unsatisfactory. For nerve trunks near the proximal limb, including the brachial plexus and sciatic nerve, even with nerve repair surgeries, functional recovery remains poor (Sulaiman & Gordon, 2013) .
The reasons for such poor outcomes have been widely studied. Compared with the central nervous system (CNS), the peripheral nervous system (PNS) is less hostile to axonal regeneration after nerve injury. Axon stumps distal to the injury site undergo Wallerian degeneration, but the nerve fibre's neurolemma remains as a hollow tube instead of degenerating. The Schwann cells (SCs) in the distal stump de-differentiate, rearrange themselves and secrete neurotrophic factors in preparation for the regenerated axon to grow in (Michalski et al., 2008) . However, these advantages are temporary, and there is a limited time period during which SCs can undergo this transformation. If the regenerated axons fail to re-grow into the distal hollow tube within this time window, all the advantages provided by the transformed SCs will be lost. The transformed SCs then return to their quiescent state without forming myelin sheaths, decrease their secretion of neurotrophic factors and subsequently become unavailable for axonal regeneration (Michalski et al., 2008; Gordon et al., 2011) . Therefore, when the nerve injury site is distant from the target muscles or when the nerve repair is delayed, the distal nerve stumps suffer from chronic degeneration and fail to support the regeneration from the proximal axons. This may be the predominant factor underlying poor nerve repair outcomes (Sulaiman & Gordon, 2000 . Furthermore, muscles that are denervated for long periods become fibrotic, impairing their ability to 'accept' re-innervation by the regenerated neurons (Holmes & Young, 1942; Gutmann & Young, 1944) .
To protect the distal nerve and muscle from long-term denervation, various types of neuroanastomosis surgeries, including 'end-toend', 'end-to-side' and 'side-to-side' surgeries, were performed by suturing an adjacent intact nerve to the injured distal stump. Months later, when the temporary neuroanastomosis was terminated and the original proximal end of the injured nerve stump was sutured back, the regenerated axons within it would re-grow into the distal stump (Battal, 1997; Geuna et al., 2006; Haninec et al., 2007; Millesi & Schmidhammer, 2007; Sulaiman & Gordon, 2009; Ladak et al., 2011; Samii et al., 2015) . However, this type of treatment has limitations, especially the source of donor nerves. The use of another intact nerve could result in additional injury to that nerve and lead to partial dysfunction.
Cell transplantation is a promising therapy for alleviating chronic denervation after PNI. Previous studies have shown that neural stem cells, embryonic spinal neurons or in vitro induced motor neurons, after transplantation into the stump distal to the injury site, can survive, sprout axons, form functional connections with the distal muscles, and alleviate subsequent muscle atrophy (Deshpande et al., 2006; Su et al., 2012) . However, the transplanted cells failed to generate voluntary electrical impulse. Such impulse can only be generated from top-down after the connection between the central nervous system and target muscle has been re-established. As a result, the functional recovery is seldom achieved (Fairbairn et al., 2015) . Although there is no recovery of the impaired function after transplanting cells into an injured nerve, the subsequent alleviation of muscle atrophy remains meaningful. Meanwhile, these previous studies did not evaluate whether after the cell transplantation, the nerve stump distal to the injury site could still support the axonal regeneration when sutured back to its original proximal end or whether the muscle denervated from the spinal motor axons could still be innervated by the axons that regenerated after the transplantation. Therefore, this study combined the 'cell replacement' and 'nerve transfer' strategies to address this question.
Briefly, the procedure consisted of three stages of surgeries. In the first stage, the right tibial nerves were transected to induce predegeneration. The second stage of surgeries was performed 2 weeks later, by transplanting embryonic day 14 (E14) spinal cord cells or cell culture medium adjacent to the distal end of the tibial nerve. Then, 3 months later, in the third surgery, the distal tibial nerve stump was cross-sutured to the proximal end of the freshly cut ipsilateral common peroneal nerve as nerve repair. We then compared the functional recovery of the nerve and muscle between the cell transplantation group and the medium transplantation group (control group) to determine whether the transplanted cells could slow the chronic degeneration process of the injured distal tissues (nerve and muscle) and subsequently promote axonal regeneration and muscle recovery after the delayed nerve repair.
Materials and methods
All surgical interventions and subsequent care and treatment were approved by the Committee for the Use of Live Animals for Teaching and Research (CULATR, at the University of Hong Kong. Animals were provided by the Laboratory Animal Unit at The University of Hong Kong.
Cell preparation
Ventral spinal cord cells from embryonic day 14 (E14) transgenic Sprague-Dawley rats expressing green fluorescent protein (GFP; 'green rat' CZ-004; SLC, Shizuoka, Japan) were isolated as previously described (Su et al., 2012) . Briefly, the spinal cord was dissected from the surrounding connective tissues under sterile conditions. After the meninges were removed, the spinal cord was transferred into a 15-mL centrifuge tube containing DMEM-F12 culture medium (Gibco, Grand Island, NY, USA), treated with 0.15% trypsin (Invitrogen, 25200-072, USA) for 7 min, and neutralized with a trypsin inhibitor (Invitrogen, 17075-029, USA). Next, the spinal cord was dissociated into a single-cell suspension by mechanical trituration. The single-cell suspension was further filtered through a 40 lm cell strainer (BD Falcon, San Jose, CA, USA). The filtered suspension was centrifuged, re-suspended in DMEM-F12 culture medium at 1.0 9 10 5 cells/lL, and kept in ice until the cell transplantation.
Animal surgery
Sixty adult female Sprague-Dawley rats (220-250 g) were used in this study. Animals were anaesthetized with an intraperitoneal injection of ketamine (80 mg/kg) and xylazine (8 mg/kg) and placed in the prone position on a heating pad to maintain body heat. Surgeries were performed in three stages (Figs 1 and 2 ). In the first stage (pre-degeneration surgery), the right tibial nerve was transected approximately 3.0 cm proximal to the entry of the gastrocnemius muscle. Both the proximal and distal stumps were ligated and imbedded into adjacent muscle to prevent them from regenerating. (Fig. 1A) The second stage was performed 2 weeks later (cell transplantation surgery). Animals were randomly divided into two groups: the cell transplantation group (n = 30) and the control group (transplantation of culture medium, n = 30). In the cell transplantation group, 3 lL of embryonic ventral spinal cord cells was injected into the distal tibial nerve stump using a Hamilton syringe. In the control group, the equivalent volume of cell culture medium was injected (Fig. 1B) . At 3 months after surgery, one-third of the rats in each group (n = 10) were killed for electrophysiological, electron microscopy and histological analyses (Fig. 1C) , and the remaining rats received the third stage of surgery (nerve cross-suture surgery) (Fig. 2) . A 10-mm nerve segment including the cell transplantation site was cut away (Fig. 2A) . The residual nerve stump was 'cross-sutured' to the proximal end of the freshly cut ipsilateral common peroneal (CP) nerve (Fig. 2B ). In the control group, a 10-mm nerve segment was excised, and the same procedure was performed. The animals were maintained for an additional 3 months, after which retrograde axonal tracing, electrophysiological analysis, electron microscope analysis and histological analysis were performed ( Fig. 2C and D) .
Electrophysiological analysis
The functional recovery of the gastrocnemius muscle was evaluated by electrophysiological analysis via a standard nerve-evoked potential recording system (RM6240BD, Chengdu, China) for 10 animals per group 3 months after the second and third surgical steps. The procedure was performed as previously described and illustrated in Figs 1C and 2C . Briefly, animals were anesthetized and placed in a prone position. The right distal tibial nerve and gastrocnemius muscle were exposed, and the Achilles tendon was transected. The bipolar stimulating electrode was placed underneath the nerve, with which it was kept in contact. The Achilles tendon was sutured with 2-0 silk and fixed to a transducer to record muscle contraction force. For recording the compound muscle action potentials (CMAPs), two stainless steel monopolar recording electrodes were inserted into the muscle belly, and the grounding electrode was inserted into the subcutaneous tissue. An initial electronic electrical stimulus (0.1 mA; 1 ms duration; 1 Hz frequency; square wave) was applied and gradually increased by 0.1 mA until the supramaximal response was reached. The muscle contraction force and maximum evoked CMAP were recorded five times, with 2-minute inter-stimulus intervals. The same procedure was performed on the contralateral side (L) as a reference. The results are presented as the ratio of the value on the surgical side (R) to that on the contralateral side (L) (R/L). After electrophysiological analysis, all the animals were perfused and prepared for the histological analysis.
Retrograde axonal tracing
At 3 months after the nerve cross-suture surgery, the regeneration of host spinal motor neurons into the distal tibial nerve was examined by retrograde axonal tracing with fluorogold (FG) as previously described (Gu et al., 2005) (Fig. 2D ) (10 animals per group). Briefly, after exposure of the cross-suture site, 0.5 lL of 2% (w/v) FG solution was injected proximally at the level of 10 mm distal to the suture site. The injection lasted 10 s, and then the injection site was clamped with microforceps for 10 s to prevent FG leakage. The rats were maintained for an additional 3 days before sacrifice for evaluating FG transportation. The distal tibial nerve stump was cross-sutured to the proximal end of the freshly cut CP nerve. (C) Three months later, electrophysiological analysis was performed. A pair of recording electrodes was inserted into the muscle belly, and the bipolar stimulating electrode was placed underneath the nerve 10 mm distal to the cross-suture site. The Achilles tendon was connected to a transducer for detection of the muscle force. (D) Fluorogold (FG) was injected into the distal tibial nerve 10 mm distal to the cross-suture site. Motor neurons in the spinal cord that extended axons into the nerve were labelled. [Colour figure can be viewed at wileyonlinelibrary.com].
Tissue processing, immunohistochemistry staining and cell counting
For the histological analysis, rats were killed with a lethal dose of sodium pentobarbital and perfused intracardially with 0.1 M phosphate buffer (PB) and then with 200-300 mL 4% paraformaldehyde fixative solution in 0.1 M PB. For rats only receiving cell transplantation, the right distal tibial nerve and the gastrocnemius muscles were harvested. For rats with nerve cross-suture surgery, the L3-6 spinal cord segments and the right tibial nerve and gastrocnemius muscles were harvested. The contralateral spinal cord, nerve and muscle tissues were also collected for reference.
The nerves were post-fixed in 4% paraformaldehyde at 4°C overnight and then dehydrated in 30% sucrose (in 0.1 M PB) at 4°C for 48 h. Serial longitudinal cryosections (20 lm thick) of the nerve segments were collected. Every third section was used for neuronal nuclei (NeuN) and choline acetyltransferase (ChAT) immunohistochemistry staining as previously described (Su et al., 2012) , using 10 rats per group. Briefly, sections were washed in 0.01 M phosphate-buffered saline (PBS), blocked in 10% goat serum for 30 min, and incubated with primary antibodies (mouse anti-NeuN, 1:500, MAB377, EMD Millipore; goat anti-ChAT 1:200, AB144P, EMD Millipore) at 4°C overnight. The sections were washed in 0.01 M PBS and incubated with species-specific fluorescence-conjugated secondary antibodies (goat anti-mouse Alexa Fluor 586, 1:500, A11031, Invitrogen; donkey anti-goat Alexa Fluor 586, 1:500, A11057, Invitrogen) at 20°C for 2 h. After washing with PBS, sections were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI) to stain the nuclei and then cover-slipped with anti-fade mounting medium (FluorSave, Calbiochem, San Diego, CA, USA). To calculate the numbers of NeuN-positive and ChAT-positive neurons, a systematic random sampling technique was performed as previously described (Oppenheim et al., 1989) . The number of cells was counted in GFP-positive fields at 409 magnification using a fluorescence microscope (Axioplan, Carl Zeiss, Germany). For the spinal cord segments, longitudinal sections (30 lm thick) were evaluated to calculate the FG-labelled neurons. The neurons were counted bilaterally as previously described (Gu et al., 2005) for 10 animals per group.
Electron microscopy (EM) analysis
For the EM analysis, after perfusion 1-mm tibial nerve segment at the entry to the gastrocnemius muscle (approximately 20 mm distal to the graft site or cross-suture site) was harvested after the electrophysiological analysis (10 animals per group). Nerves were processed via the following steps: post-fixation in EM fixative (2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M PB, pH 7.4), osmication in 2% osmic acid, dehydration in increasing concentrations of alcohol (30%-95%), and infiltration and embedding in pure Epon at 60°C for 3 days. Semi-thin sections (1 lm) were cut using a glass knife in a microtome and were then stained with 0.5% toluidine blue. The number of myelinated axons was calculated using ImageJ (US National Institutes of Health, Maryland, USA). A total of 6 fields (0.5 9 0.5 mm 2 ) from each animal (10 animals per group) were randomly selected. The axonal diameter was also measured, and the distribution of axonal diameters was subsequently calculated and compared between groups. The G-ratio, which was defined as dividing the inner diameter of the axon (without myelin) by the outer diameter of the entire fibre (including myelin), was calculated to evaluate the myelination of regenerating axons. At least 100 myelinated axons were randomly selected for calculation in each animal.
Evaluation of muscle functional recovery
After the electrophysiological analysis and perfusion, the bilateral gastrocnemius muscles were harvested, weighed and immediately frozen in liquid nitrogen. Cross sections (20 lm thick) were cut from the mid-belly of the medial gastrocnemius muscle and used for haematoxylin and eosin (H&E) staining (10 animals in each group). The sections were visualized at 209 magnification. The mean muscle fibre area was measured in ImageJ by randomly selecting 500 muscle fibres from at least 20 different regions and measuring the total area. Meanwhile, the contralateral sides were also measured to serve as a reference. The data are presented as the R/L ratio.
To assess the re-establishment of neuromuscular junctions (NMJs), serial longitudinal sections (20 lm) were prepared. The slides were blocked in 5% normal donkey serum for 1 h, followed by incubation with primary antibodies (Rabbit anti-neurofilament 200, 1:500, N0142, Sigma-Aldrich) at 4°C overnight and then with secondary antibodies (Alexa Fluor 594, 1:500, A30008, Invitrogen) at 20°C. Finally, acetylcholine receptors (AChRs) were stained using alpha-bungarotoxin conjugated to Alexa Fluor 488 (a-BTX, 1:500, B13422, Invitrogen). The NMJs were designated as re-innervated or denervated as previously described (Huz e et al., 2009).
Statistical analysis
All the data are presented as the means AE SD. Two-tailed Student's t-tests were performed to evaluate the differences between the experimental group and the control group for all the indicators mentioned above. P values <0.05 were considered significant.
Results
Transplanted neurons robustly survived in the distal stump of transected tibial nerve At 3 months after transplantation, the IHC staining results showed that transplanted embryonic cells were remained in the injection sites and had generated neurons, including motor neurons, with a fairly high percentage of GFP-positive cells showing counterstaining for NeuN (representing neurons) and ChAT (representing motor neurons (MNs)) (Fig. 3A, B and C) . The number of surviving neurons was evaluated by counting the numbers of NeuN-positive and ChAT-positive cells per nerve profile. The estimated number of neurons (NeuN-positive) was 1719.4 AE 232.0, whereas the number of motor neurons (ChAT-positive) was 427.2 AE 139.9 (Fig. 3D) . At this stage, the grafted ChAT-positive motor neurons have already sprouted out regenerating axons (Fig. 3C) . However, in the control group, there were no GFP-positive, NeuN-positive or ChAT-positive cells present. Interestingly, we also noted that the intensity of GFP in NeuN-positive cells was somehow much weaker than that in NeuN-negative cells, similar to a previous report (Su et al., 2012) .
Embryonic neurons sprouted axons, re-established functional NMJs and alleviated muscle atrophy At 3 months after the cell transplantation, small-calibre and irregular myelinated axons were found in the distal tibial nerve, whereas no such myelinated axons were observed in the control group (Fig. 4A  and B ). This suggested that the axons from transplanted neurons had extended along the 'Bungner bands' (Johnson et al., 2005) , interacted with the Schwann cells (SCs), and formed the myelin structure.
Anti-neurofilament 200 (NF-200) and a-bungarotoxin (a-BTX) were used to stain axon terminals and the acetylcholine receptors (AChRs) respectively. At 3 months after cell transplantation, innervated endplates were observed in the denervated gastrocnemius muscle (Fig. 4D) . However, in the control group, there were no complete NMJs found in the denervated gastrocnemius muscle (Fig. 4C) .
The electrophysiological analysis showed a CMAP evoked in response to electrical stimulation in the cell transplantation group (Fig. 4F) , whereas no CMAPs were detected in the control group (Fig. 4E) . This indicated that functional NMJs were re-built by transplanted cells (neurons) in the transected stump and distal denervated motor endplates in the denervated gastrocnemius muscle. The H&E staining of gastrocnemius muscle showed extensive fibrosis in the control group (Fig. 4G ), whereas such fibrosis was markedly alleviated in the cell transplantation group (Fig. 4H) , suggesting that the re-established functional NMJs led to less-severe muscle fibrosis and atrophy.
Transplantation of embryonic neurons promoted axonal regeneration after nerve cross-suture surgery
When the 10 mm segment that included the grafted cells was removed and the residual distal stump was cross-sutured with the proximal stumps of a freshly transected common peroneal nerve, injured axons in this freshly transected nerve were able to regenerate into the residual distal stump of the transected tibial stump that previously contained grafted cells. This was supported by the retrograde FG labelling. MNs innervating the common peroneal nerve were located in the L3-6 segment (Fig. 5A) . Nerve transection led to dramatic decreases in the number of FG-labelled cells in the L3-6 segment ( Fig. 5B and C) , but the mean number of FG-labelled MNs in the cell transplantation group was significantly higher than that in the control group (409.4 AE 91.53 vs. 311.2 AE 87.8, P < 0.05, Fig. 5D ).
Embryonic neurons transplantation promoted re-myelination of regenerating axons after nerve cross-suture surgery
In addition to the better axonal regeneration in the cell transplantation group 3 months after the cross-suture, many myelinated axons were also observed in the residual distal stump of the transected tibial stump that previously contained embryonic cells (Fig. 6B) . In comparison, there were many fewer myelinated axons in the control group (Fig. 6A) . The cell transplantation group contained significantly higher numbers of myelinated axons than did the control group (733.5 AE 174.5 vs. 333.9 AE 49.6, P < 0.01, Fig. 6C ). In addition, the G-ratio for all diameters of axons except 5-6 lm was significantly lower in the cell transplantation group than in the control group, suggesting that the cell transplantation the enhanced the re-myelination (Fig. 6E) . However, no significant difference regarding the axon diameter distribution was observed between the two groups (Fig. 6D) .
Embryonic neurons transplantation promoted functional recovery of gastrocnemius muscle after cross-suture surgery
Muscle atrophy is a common symptom of denervated muscle. At 3 months after cross-suture surgery, the gross morphology of the gastrocnemius indicated less-severe muscle atrophy in the cell transplantation group (Fig. 7A ). Further analysis using H&E staining also supported this phenomenon (Fig. 7D-F) , based on higher R/L ratios of muscle wet weight ( Fig. 7A and G, 0.55 AE 0.07 in the cell transplantation group vs. 0.41 AE 0.06 in the control group, P < 0.01) and fibre area (Fig. 7D-F and H, 0.47 AE 0.17 in the cell transplantation group vs. 0.32 AE 0.11 in the control group, P < 0.05). Similarly, the percentage of re-innervated NMJs was higher in the cell Fig. 4 . EM, IHC and electrophysiological analyses of the distal tibial nerve and gastrocnemius muscle at 3 months after cell transplantation. (A, B) EM images of myelinated axons in the distal tibial nerve. The cell transplantation group contained more myelinated axons than the control group. Scale bar = 25 lm. (C, D) IHC staining of NMJs. Complete structures of re-established NMJs were seen in the cell transplantation group, whereas in the control group, the endplates were not innervated. Scale bar = 25 lm. (E, F) Electrophysiological analysis showed CMAPs evoked in the gastrocnemius muscle in the cell transplantation group, whereas the control group showed no such activity. (G, H) H&E staining of gastrocnemius muscle showed severe fibrosis in the control group, whereas such fibrosis was much alleviated in the cell transplantation group. Scale bar = 100 lm. [Colour figure can be viewed at wileyonlinelibrary.com].
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transplantation group (Fig. 7B and C, I , 65.4 AE 10.1% in the cell transplantation group vs. 43.3 AE 11.7% in the control group, P < 0.05).
The electrophysiological analysis also showed higher CMAP amplitudes of the gastrocnemius muscle in the cell transplantation group than in the control group (Fig. 8A-C) , along with a higher R/ L ratio (Fig. 8G, 0 .43 AE 0.09 in the cell transplantation group vs. 0.26 AE 0.16 in the control group, P < 0.05). In addition, a stronger muscle contraction force was detected in the cell transplantation group (Fig. 8D-F) , indicated by the higher R/L ratio (Fig. 8H , 0.64 AE 0.14 in the cell transplantation group vs. 0.48 AE 0.17 in the control group, P < 0.05).
These results suggested that transplanting embryonic neurons to prime the distal stumps of injured nerve might alleviate muscle atrophy and promote the functional recovery of gastrocnemius muscle after cross-suture surgery.
Discussion
To the best of our knowledge, this is the first study to investigate the benefits of cell transplantation for delayed nerve repair via microsurgery. Our results show that the grafted embryonic spinal cord cells could robustly survive and generate neurons in the injured distal nerve stump. Among these neurons, there were motor neurons extending axons, interacting with the distal SCs to form myelin sheaths, and subsequently building synaptic structures with the target muscle fibres. The muscle atrophy was thereby alleviated. These observations were consistent with those of previous studies (Erb et al., 1993; Yohn et al., 2008; Casella et al., 2010; Grumbles et al., 2012 Grumbles et al., , 2013 Su et al., 2012; Liu et al., 2013 Liu et al., , 2014 . When the grafted cells were removed and the residual distal stump was cross-sutured to the proximal end of freshly cut ipsilateral common peroneal (CP) nerve, the axonal regeneration from the proximal stump of the injured CP nerve was promoted, and the muscle function was partially recovered. Our results suggested that cell transplantation might be another strategy for protecting the distal stump from chronic degeneration and alleviate muscle atrophy, allowing the delayed regenerated axons to re-enter the distal stump and reinnervate the muscle.
The principle underlying the design of the animal model
The goal of this model was to investigate whether after long-term nerve injury, the distal stump and denervated muscle protected by the transplanted embryonic spinal cord cells could still permit the delayed axonal regeneration and innervation. To this end, the model was designed to include three steps. The first was to pre-degenerate the tibial nerve by transection 2 weeks before the cell transplantation. This step is indispensable because most clinical nerve surgeries are performed several weeks after the injury to avoid the acute inflammation. In addition, predegeneration of the nerve also provides other advantages, including activation of SCs and secretion of neurotrophic factors (such as BDNF, GDNF and CNTF), leading to the promotion of axonal regeneration and cell survival(Chen et al., 2007; Michalski et al., 2008; Jonsson et al., 2013) . In the second step, cell transplantation, we kept the grafted cells in the distal stump of the transected nerve for 3 months, because Gordon et al. have shown that at 3 months after transection, the distal nerve end would have already entered a chronic degenerative state in which the SCs are atrophied and the expression levels of several neurotrophic factors are decreased significantly (Gordon, 2014) . From that point forward, axonal regeneration from the proximal nerve stump would be profoundly inhibited. Thus, 3 months might be a reasonable time point at which to evaluate the protective effect of the grafted cells, given that the endogenous environment of the distal stump is not conducive to axonal regeneration. Most previous studies in which cells are transplanted into peripheral nerves (PNs) leave the transplanted cells in place until the end of the experiment, but in our model, we removed the grafted cells at the third stage of surgery. We performed this operation to prevent the transplanted cells from blocking the regeneration pathway, leaving a physiological tunnel without the grafted cells to bridge the regenerated axons and their targets. During the process of cross-suturing, the proximal stump of the freshly axotomized ipsilateral CP nerve was used, rather than that of the original transected tibial nerve. This choice was made for two reasons. First, it is not surgically feasible to connect the distal stump with its original proximal end due to the severe tissue defects present after long-term injury and two rounds of surgery. Second, the regeneration ability of axons in the proximal stump of the transected nerve at this stage might be limited, given that spinal motor neurons slow their axonal regrowth or undergo apoptosis if they lose their innervations for a long period (Gordon et al., 2003; Sulaiman & Gordon, 2013) . Thus, to test whether cell transplantation would allow the distal stump and denervated muscle to still support the axonal regeneration and innervation at 3 months after the injury, we chose the proximal end of the freshly transected nerve, which would likely show better regeneration ability.
Transplanted embryonic neurons alleviated the chronic degeneration of distal nerve and muscle, creating a beneficial environment for the delayed nerve repair
Transplanting cells into the injured PN has previously been shown to alleviate the muscle atrophy (Su et al., 2012) . The re-establishment of the innervation between the grafted cells and the muscle might be the major reason for this beneficial effect (Erb et al., 1993; Yohn et al., 2008; Casella et al., 2010; Grumbles et al., 2012 Grumbles et al., , 2013 Liu et al., 2013 Liu et al., , 2014 . Although various types of grafted cells, including embryonic spinal cord cells, neural progenitor cells and embryonic stem cell/induced pluripotent cell-derived motor neurons, can survive in the injured nerve, project their axons along the distal stump and establish electrophysiologically functional connections with the target muscle, recovery of impaired movement is seldom achieved due to the lack of control from the CNS (Fairbairn et al., 2015) . To address this problem, some studies have optogenetically modified the transplanted cells and initiated movements via the light stimulus (Bryson et al., 2014) . This treatment is promising but still failed to restore the impaired movement. The recovery of impaired movement mainly relies on the re-construction of the connection between the CNS and PNS, particularly on reestablishing the innervation of the target muscles by the appropriate spinal motor neurons. However, clinically, such re-innervation is hampered by the chronic degeneration of the distal stumps and by muscle atrophy due to long regeneration distances and limited axonal regrowth rates. Thus, our model was developed based on the advantage of grafted cells to alleviate muscle atrophy and to evaluate the potential of cell transplantation as a potential strategy for maintaining the distal stump and denervated muscle in an 'available' state for the delayed axonal regeneration. Our results supported the hypothesis that cell transplantation could serve this purpose. Larger numbers of FG-labelled motor neurons in the relevant segments of the spinal cord (L2-3) and higher percentages of re-innervated motor endplates in the gastrocnemius muscle in the cell transplantation group indicated enhanced axonal regeneration and re-innervation in the distal stump and target muscle. Therefore, our model provides some proof-of principle data for the potential of using cell transplantation to maintain the distal stump of the injured nerve and the target muscle in good condition for the delayed axonal regeneration.
Transplantation of embryonic neurons promoted axonal regeneration and muscle functional recovery after delayed nerve repair
The mechanism by which the transplanted cells protect the distal stump from the chronic degeneration might be attributable to the interaction between the transplanted cells and the SCs. Similar to The cell transplantation group showed a higher R/L ratio of muscle wet weight than did the control group (**: P < 0.01). (H) The cell transplantation group showed higher R/L ratio of muscle fibre area than did the control group (*:P < 0.05).
(I) The rate of NMJ re-innervation was significantly higher in the cell transplantation group than in the control group (**:P < 0.01). [Colour figure can be viewed at wileyonlinelibrary.com].
previous studies, the embryonic spinal cord cells that were transplanted into the distal stump of the injured tibial nerve included motor neurons. Myelinated axons sprouted from these motor neurons and extended into the gastrocnemius muscle to form motor endplates with stimulus-induced CMAPs. During the process of nerve regeneration, the regenerated axons from the proximal nerve stump induced the proliferation of SCs by expressing growth-associated proteins (GAPs) such as neuregulin and GAP-43 (Chan et al., 2014) . Meanwhile, the expression of myelin genes decreased, and the SC cells shifted into a growth-supportive phenotype to guide axonal elongation (Namgung, 2015) . After axons had sprouted into the distal nerve stumps, the SCs increased the myelin expression and transformed into a mature phenotype to facilitate the re-myelination of regenerating axons (Michalski et al., 2008) . Timely proximal axonal re-innervation is essential for sustaining the growth-supportive phenotype of SCs (Ladak et al., 2011; Chan et al., 2014) . After the cell transplantation in our model, the SCs in the distal stump of the injured tibial nerve might exhibit similar behaviours, maintaining the 'available' state of the distal stump for the delayed axonal regrowth. In the later stage, when the grafted cells were removed, the SCs in the residual distal stump might again transform into the growth-supportive phenotype to create an advantageous environment for proximal axonal regeneration. Muscles are the target organ of spinal neurons and PNs. If muscles are not re-innervated immediately after injury, they will enter chronic denervation until irreversible fibrosis occurs. During chronic denervation, even if axons can reach the target muscles, the ability of muscles to accept such re-innervation is limited. Our study showed that 3 months after PN injury, the muscles of the distal stump were in a severe stage of fibrosis but that the cell transplantation could alleviate that condition. After removing the grafted cells, although the target muscle fibres underwent a second denervation, they nevertheless suffered from less fibrosis and atrophy and retained the ability to receive re-innervation from the regenerated axons from the proximal nerve, which might lead to better muscle functional recovery. 
Limitations
Although by using this model, we provided several pieces of evidence to support that the cell transplantation facilitated the delayed axonal regeneration in the long-term-transected distal stump, there are still several limitations of this study. First, our study lacked a non-injected control group, in which the animals had nothing at all injected and did not undergo the second surgery. It is possible that the second surgery itself may have an effect on the distal stump even without the implantation of cells. Furthermore, cells derived from the E14 embryonic spinal cord are a mixture of neurons and neural progenitor cells (Ren et al., 2012) . Motor neurons only accounted for a small proportion of these cells (our unpublished data). Because only motor neurons can extend to the muscle terminal and establish the innervation, a higher proportion of motor neurons, perhaps even pure motor neurons, would be ideal. Thus, in a future study, we may use this model with motor neurons derived from embryonic stem cells or from induced pluripotent cells. Moreover, the mechanisms underlying the protection of the distal stump from chronic degeneration and the denervated muscle from atrophy remain to be elucidated, and further studies from a molecular perspective are required.
Conclusions
We concluded from this study that embryonic spinal cord neurons, after transplantation into the injured distal nerve stump, could sprout axons, interact with SCs and re-innervate the target muscles to keep them in the 'available' state for the delayed axonal regeneration. After the cross-suturing, the axon regeneration from the proximal nerve was stronger, and milder muscle atrophy and better functional recovery were observed. Therefore, the transplantation of embryonic spinal cord neurons may be useful as a potential treatment strategy for PNI.
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